The purpose of this paper was to investigate the effects of both monocular and dichoptic masking on the frequency doubling (FD) illusion, using both temporal and spatial masks. Monocular spatial tuning effects occurred around the fundamental FD spatial frequency of 0.25 cycles per degree (c/deg), whereas dichoptic spatial frequency tuning effects occurred at the doubled spatial frequency of 0.50 c/deg. Temporal tuning effects were observed at the FD temporal frequency of 25 Hz, in both monocular and dichoptic paradigms. These results suggest that the FD illusion is cortical in origin and is dominated by a flicker component.
Introduction
When a low spatial frequency sinusoidal grating of less than 4 cycles per degree (c/deg) is flickered at a temporal frequency of 15 Hz or greater, the spatial frequency appears to be approximately twice the original value (Demirel, Vingrys, Anderson, & Johnson, 1999; Johnson & Demirel, 1996; Kelly, 1966 Kelly, , 1981 Parker, 1981 Parker, , 1983 Richards & Felton, 1973) . This illusory percept is called frequency doubling (FD) . This FD illusion is currently utilized in the commercially available FD technology perimeter (Welch Allyn, Skaneateles Falls, NY; Carl Zeiss, Meditec, Dublin, CA), and has shown high sensitivity and specificity in the detection of glaucomatous damage (Johnson & Demirel, 1996; Kalaboukhova & Lindblom, 2003; Tatemichi et al., 2002; Wadood, Azuara-Blanco, Aspinall, Taguri, & King, 2002; Yamada et al., 1999) . It has also been shown to predict visual field loss before it occurs with white-on-white perimetry (Alward, 2000; Burnstein, Ellish, Magbalon, & Higginbotham, 2000) , and shown lower test-retest variability (Chauhan & Johnson, 1999; McKendrick, Anderson, Johnson, & Fortune, 2003; Spry & Johnson, 2002) , although the latter may be in part due to the dynamic range associated with larger target sizes and monitor based systems (Cello, NelsonQuigg, & Johnson, 2000) .
The FD stimulus has been attributed to a subset of magnocellular Y-like retinal ganglion cells or My-cells (Maddess & Henry, 1992; Tyler, 1974) which are believed to have a sparse representation on the retina (Crook, Lange-Maleki, Lee, & Valberg, 1988; Maddess & Henry, 1992) . This, coupled with the discrete spatiotemporal characteristics of the FD illusion, is believed to aid in the early detection of visual field loss. These nonlinear My-cells in the primate visual system are believed to be preferentially stimulated by the FD illusion (Maddess et al., 1999; Maddess, Hemmi, & James, 1992; Maddess & Henry, 1992) . Recent research using a simian primate confirmed that there were a few cells in the lateral geniculate nucleus (LGN) that exhibited nonlinear properties, however they were located in both the magnocellular and ventral koniocellular layers (White, Solomon, & Martin, 2001) . It has been suggested that the origins of the response to the FD stimulus is not from the retina or LGN of the primate visual system, but may be cortical in nature (White, Sun, Swanson, & Lee, 2002) . Previous research involving adaptation and fixation disparity has also suggested that the origins of the FD illusion may be cortical in nature (Richards & Felton, 1973; Thompson & Murphy, 1980) . The purpose of this paper was to investigate the effects of temporal and spatial masking on the FD stimulus. This was investigated using monocular and dichoptic masking to investigate retinal and cortical interactions respectively. These masking experiments are based on the premise that if a masking stimulus increases the threshold of a target, then both the mask and the target share a common processing pathway (Blakemore & Campbell, 1969; Harris & Willis, 2001) . The purpose of the spatial masking experiments was to determine if there was any difference in tuning between monocular and dichoptic masking conditions. The purpose of the temporal masking experiments was to determine whether FD thresholds were differently affected than with spatial masking.
Methods
The right eye of 10 normal healthy subjects (5 female) was examined (mean age 25, range 23-27, SD 1.55) at fixation and 10°nasal to fixation. All subjects gave informed consent. The study was granted institutional human subject ethical approval, and complied with the tenets of the Declaration of Helsinki. Inclusion criteria: corrected visual acuity of 6/6 or better; intraocular pressure of 20 mm Hg or less; normal fundus examination; no history of ocular disease or surgery; normal visual fields by automated perimetry.
Custom programs were developed using a UNIX based system. The FD and masking stimuli were presented on 20 00 Sony Trinitron Multiscan CPD-G500 monitors (vertical refresh rate of 100 Hz, non-interlaced, Sony, Tokyo, Japan) with a pixel pitch of 0.25 mm and using a resolution of 1025 · 768 pixels. The testing distance was 0.48 m, resulting in a subtended visual angle of 45°horizontally and 35°vertically. The target stimulus was a circle (10°in diameter), using a sinusoidal 0.25 c/deg grating alternating at a temporal frequency of 25 Hz. The target was ramped up for 160 ms, presented for 400 ms, and then ramped down for 160 ms. The interval between presentations was 2 s. A modified yes/ no staircase thresholding strategy was utilized (4-2-1 staircase which requires six reversals at the final 1-dB step for termination). Fixation was maintained using a 0.2°diameter red fixation dot positioned in the centre of both the target and masking monitors. Alignment was achieved using full-field cross-hairs on both monitors in both the monocular and dichoptic setups. Calibration was performed using a photometer (Minolta LS-110) using the average of 10 measurements for each decibel (dB) level, the individual red, green and blue values being utilized to attain finer dB steps where necessary. This calibration was checked daily. The maximum luminance was 100 cd m À2 (23 dB scale). The formula used for dB was 10log 10 (max luminance/measured luminance). Subjects were asked to respond to any aspect (flickering, shimmering) of the FD stimulus in all paradigms (i.e. the detection threshold).
Temporal masking of the FD stimulus
There were two aspects to the temporal masking experiments. In both the monocular and dichoptic conditions, the mask was a 32°diameter circular target flickering at temporal frequencies of 10, 16.67, 25 and 50 Hz (sub-harmonics of the refresh rate, 100 Hz). The first aspect of the temporal masking experiments (monocular temporal masking) utilized a 50:50 beam splitter (Fig.  1) , through which the masking component was provided to the right eye whilst the FD threshold was examined. The subject's left eye was occluded. The contrast of the temporal mask was set to 16 dB sensitivity on our scale, i.e. approximately 2 dB more contrast than the expected sensitivity level.
The dichoptic condition consisted of a plano front surface mirror placed in front of the left eye (which viewed the masking monitor) whilst the right eye underwent FD threshold testing (Fig. 2) . In both the monocular and dichoptic masking conditions, the phase difference between the mask and FD stimulus was random.
Spatial masking of the FD stimulus
The spatial masking experiments again consisted of two aspects. The setup was identical to the temporal masking paradigm, but instead of a flickering mask, a slowly drifting (0.3°/s) sinusoidal grating of spatial frequencies 0.1, 0.2, 0.3, 0.4 and 0.5 c/deg was used. The drifting element was employed to minimize after-images (Kelly, 1979; Leguire & Blake, 1982) . The contrast of the gratings was again set at 16 dB sensitivity on our scale. Thresholds are presented as a logarithm of the Michelson contrast percentage (Log MC%). Repeated measures analysis of variance (ANOVA) was used to test whether masking had a significant effect on mean thresholds within subjects, and whether eccentricity and/ or masking condition (i.e. monocular versus dichoptic viewing conditions) had any effect on the data (SPSS 11.5, Chicago). For this repeated measures analysis Huynh-Feldt corrected p-values were used. FD threshold masking functions were defined as Gaussian curves fitted to the threshold versus masking conditions data. Non-linear regression analysis was used to fit these Gaussians (using a fixed lower asymptote and amplitude) to estimate the 95% confidence intervals of the peaks of these spatial masking functions (Statistica 6.0, Tulsa). Probability values are also shown in tabular form to reveal patterns within the temporal and spatial masking data (Tables 1 and 2 respectively using a 2-tailed student t-test).
Results

Temporal masking
Results from the monocular and dichoptic temporal masking experiments for both fixation and 10°nasal are shown in Fig. 3 . Repeated measures ANOVA revealed the following results: temporal masking had a significant effect on FD thresholds within subjects (F ðdf 5;45Þ ¼ 117:5, p < 0:001); monocular masking resulted in significantly different FD thresholds compared to dichoptic masking (F ðdf 1;9Þ ¼ 64:1, p < 0:001); eccentricity had no effect on FD thresholds (F ðdf 1;9Þ ¼ 1:1, p ¼ 0:314); the effect of masking was similar between monocular and dichoptic masking (F ðdf 5;45Þ ¼ 2:3, p ¼ 0:079). It can be noted that the threshold for detection of the FD stimulus increased when monocular and dichoptic temporal masking of 25 and 50 Hz were used. FD thresholds under monocular masking conditions showed an increase in thresholds compared to the dichoptic condition. The FD thresholds obtained using monocular temporal masking of 25 and 50 Hz were not significantly different (but both 25 and 50 Hz masking were raised compared to other masking conditions) at either fixation or 10°nasal to fixation. However, at 10°nasal to fixation, the 50 Hz dichoptic mask resulted in a lower FD threshold compared to the 25 Hz mask.
Spatial masking
Results from the monocular and dichoptic spatial masking experiments for both fixation and 10°nasal to fixation are shown in Fig. 4 . Thresholds were raised in the monocular masking situation compared to dichoptic masking. Repeated measures ANOVA revealed the following results on the spatial masking data: spatial masking had a significant effect on mean thresholds within subjects (F ðdf 7;63Þ ¼ 25:3, p < 0:001); monocular masking resulted in significantly different results compared to dichoptic masking (F ðdf 1;9Þ ¼ 16:4, p ¼ 0:003); eccentricity had no significant effect on the data (F ðdf 1;9Þ ¼ 0:06, p ¼ 0:813); the effect of spatial masking is not parallel between monocular and dichoptic masking (F ðdf 7;63Þ ¼ 5:12, p ¼ 0:001).
In the monocular spatial masking condition at fixation, the FD threshold increased in the presence of the In the dichoptic spatial masking condition at fixation, a relative increase in the mean FD threshold was observed in the presence of a 0.5 c/deg spatial mask, i.e. at the doubled spatial frequency. This was elevated compared to the results for the 0.1, 0.2 and 0.3 c/deg masks at fixation. In the dichoptic spatial masking paradigm at 10°nasal to fixation, a similar pattern to fixation was observed. Non-linear regression analysis of the monocular and dichoptic data showed that the 95% confidence intervals of the peaks of the of fitted Gaussians functions 0.31-0.41 and 0.36-0.51 respectively.
Discussion
This paper is based on the idea that masking a stimulus will not affect the detectability of that stimulus unless the processing pathways are of a similar origin for both the target and the mask (Blakemore & Campbell, 1969; Harris & Willis, 2001) . When this masking effect occurs, the contrast of the target will need to be greater than normal to achieve detectability (i.e. there will be an increase in the target threshold).
The temporal masking experiments revealed a maximum increase in FD threshold when a 25 Hz mask was used (i.e. the FD temporal frequency). This indicates that the FD stimulus has a flicker component which the visual system uses to determine threshold. The tuning at 25 Hz was more selective in the dichoptic paradigm when examined at 10°eccentricity. The fact that the 50 Hz temporal mask had a lesser effect on the FD threshold dichoptically than monocularly may indicate a temporal interocular inhibition mechanism in the primate visual cortex compared to the retina or LGN. The elevation in FD contrast threshold was also more obvious at 10°e ccentricity than at fixation in the dichoptic paradigm. The FD contrast threshold was also increased by spatial frequency masking, but to a lesser extent than with the temporal masking paradigms. This re-enforces the assumption that the FD stimulus is a majority flicker based stimulus. In the monocular spatial masking paradigm, the elevation in FD thresholds occurred around the fundamental spatial frequency (0.25 c/deg) rather than at the doubled spatial frequency. The dichoptic spatial masking paradigm however, revealed FD threshold elevations at 0.5 c/deg, i.e. the doubled frequency, at both fixation and 10°nasal to fixation. This is best illustrated by the 95% confidence interval of the dichoptic masking function peak which does not overlap with the fundamental frequency. This suggests that cortical processing is essential to the processing of the FD illusion. It is of interest that the threshold values for the FD stimulus were less affected in the presence of spatial masking in general compared to temporal masking. This may indicate that the spatial aspect of the FD illusion is less prominent than the temporal aspect when determining threshold or that it is a suprathreshold component of the stimulus. The latter explanation would agree with the original description by Kelly (1966) and with asal to fixation (M). The short horizontal marking on the error bars delineates the standard deviation at fixation, and the long horizontal marking delineates the standard deviation at 10°. results previously found in our lab (Quaid, Simpson, & Flanagan, submitted for publication) .
It has previously been shown that according to masking models, high temporal and low spatial frequency targets and masks exhibit a steeper rising portion of the threshold versus contrast (TvC) function (Boynton & Foley, 1999) . The monocular masking functions, both temporal and spatial, seem to agree with this observation. However, the dichoptic paradigms both gave a steeper descending function than the monocular paradigms. A possible explanation for this effect is that the bandwidth of cortical cells decreases systematically with increasing spatial frequency (De Valois, Albrecht, & Thorell, 1982) .
If we consider the intensity profile of a sinusoidal grating (similar to the FD stimulus), and then alternate this profile at a high temporal frequency, it can be noted that there are areas within the profile which are more dynamic in terms of intensity fluctuation. The least dynamic components of the intensity profile in the temporal domain may have a similar effect as the proposed second derivative function in the spatial domain (Marr & Hildreth, 1980) which functions as an edge detection mechanism. This would make sense given that for every complete cycle there are two points of ''null temporal fluctuation''. These areas of null temporal fluctuation may serve as spatial cues for the FD illusion, just as the second derivative in the spatial domain provided the cue for edge detection. This may explain why double the spatial frequency is perceived, and would agree with White et al. (2002) who suggested that the ''zero crossings'' act as a cue for the FD illusion.
It can be noted that the threshold values for dichoptic temporal and spatial masking are in general lower than for the monocular masking conditions. This threshold reduction may be explained by the difference in presentation of the masking stimulus between the two experimental techniques, i.e. the monocular viewing condition had the masking stimulus presented to the observing eye, whereas the dichoptic experiments presented the masking stimulus to the non-viewing eye. Hence the dichoptic viewing condition resulted in a stimulus of higher contrast to the observing eye. This effect was more pronounced for the temporal masking experiments, which may reflect the majority temporal component to the FD illusion.
Past research on monocular versus dichoptic mechanisms supports the idea that dichoptic masks have a reduced interference capacity compared to monocular masks (Derrington & Cox, 1998) . The theory being that any dichoptic mask that does not summate binocularly may lead to rivalry. This conflict would result in the visual system ignoring the signal unless the mask was a suitable candidate for binocular summation, which may in turn lead to improvement in threshold performance, as found in our experiments. This may also explain why the spatial tuning was more clearly defined in the dichoptic spatial masking experiments, as the visual cortex would only process spatial frequencies which were good candidates for binocular summation.
The idea that the source of the FD illusion may be cortical in nature is supported by research into adaptation characteristics of the FD stimulus (Thompson & Murphy, 1980) which revealed a contrast threshold elevation with a spatial frequency that was tuned to the grating's fundamental rather than doubled spatial frequency. Properties of masking are similar to those of adaptation (Boynton & Foley, 1999; Georgeson & Georgeson, 1987) . Disparity-specific adaptation experiments involving the FD stimulus have also shown that the location for the perception of the FD stimulus must be at least beyond the disparity processing center (Richards & Felton, 1973) . It has also been shown that dark adaptation affects the contralateral threshold in FD perimetry, indicating that cortical mechanisms have a role in the perception of the FD illusion (Flanagan, 2002) .
Recent research has suggested that a cortical loss of temporal phase discrimination results in the percept of the FD illusion in primates (White et al., 2002) . These results are supportive of the masking experiments presented in this paper. They found no evidence of a separate non-linear class of Y-like magnocellular retinal ganglion cells, previously proposed as being involved in the generation of the FD illusion. However, they had previously reported both non-linear magnocellular cells and koniocellular cells with similar non-linear properties, within the primate LGN, i.e. the M y cells were not unique in their non-linear processing (White et al., 2001) .
In summary our results suggest a cortical origin for the FD illusion as it is only under dichoptic spatial masking conditions that the threshold for the doubled spatial frequency was increased. Under monocular spatial masking conditions the fundamental spatial frequency was more affected. In addition, the threshold for the detection of the FD stimulus was maximally increased by temporal frequency masking suggesting that the illusion is principally a flicker phenomenon.
